Calcium (Ca 2+ ) can depolarize mitochondria causing elevated respiration and decreased ATP synthesis [1] . Yet, mitochondria in excitable cells such as neurons and muscle are recurrently exposed to Ca 2+ bursts released from intracellular stores upon nerve firing. As such, these bursts could set off oscillation of the mitochondrial membrane potential ( m ) and thereby oxidative phosphorylation. Indeed, detrimental effects of Ca 2+ on membrane potential m and oxygen consumption or ATP synthesis have both been predicted by computational modeling [2, 3] as well as validated experimentally [4, 5] .
The impact of recurrent calcium bursts on ATP free energy homeostasis has remained unaddressed. On one hand, these bursts could cause oscillation of cytosolic ATP and ADP concentrations because of m -dependence of ATP/ADP exchange between the mitochondrial and cytosolic compartments [2] . Conversely, metabolic capacitance in the form of rapid cytosolic ATP buffering reactions catalyzed by adenylate (AK) and creatine kinase (CK) function to dampen the amplitude and rate of ATP/ADP concentration ratio changes during work jumps [6] [7] [8] .
Here, we report on computational studies of a lumped kinetic model of ATP metabolism in an excitable cell investigating (i) if Ca 2+ bursts may cause oscillation of the cytosolic ATP/ADP ratio, and (ii) if the AK and CK ATP buffering reactions dampen any such oscillation.
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Model development
Mitochondria
A lumped kinetic model of a mitochondrion respiring on acetyl-CoA coupled to a cytosolic compartment via adenine nucleotide, proton and calcium exchange was used that integrated models for the tricarboxylic acid (TCA) cycle incorporating calcium activation developed by Dudycha & Jafri [3, 9] and mitochondrial calcium eqn (1) where J p_ANP corresponds to the Magnus-Keizer rate equation for F 1 -ATPase, g m is the gain factor for mitochondrial ATP synthesis and K Ca, F1 is the calcium concentration at half-maximal gain. The mechanistic basis for parallel activation of F 1 -ATPase activity in addition to TCA cycle flux was derived from Balaban [3, 10] . Here, it was used to test if the outcome of the model simulations were dependent on net ATP synthesis versus ATP hydrolysis during mitochondrial calcium uptake. Simulations were run for g m values between 2 and 10. K Ca, F1 was taken from [3] and scaled appropriately (see below).
Secondly, V max of the calcium uniporter was increased by a factor of 10 5 to obtain the same drop of m during rapid calcium uptake computed by the NgyuenJafri model using alternative uniporter kinetics [3] . Because peak mitochondrial calcium was, however, still fivefold lower (0.08 µM (Figure 2 ) versus 0.4 µM; [3] ), the calcium affinities of isocitrate dehydrogenase, -ketoglutarate dehydrogenase and F 1 -ATPase (K Ca, IDH , K Ca, KGDH , and K Ca, F1 , respectively; [3, 9] ) were increased fivefold to allow for feedforward and parallel Ca 2+ stimulation of ATP synthesis.
Cytosol
The cytosolic adenine nucleotide and creatine pools were set at 5 and 30 mM, respectively [6] [7] [8] 10] . Inorganic phosphate and pH were fixed at 1.0 mM and 7.0, respectively. Resting calcium concentration was set at 0.1 µM [4, 13] . Basal and two separate calcium-activated ATP consumption reactions supporting a generic cell function (eqn (3) ) and Ca 2+ pumping (eqn (4), respectively ( Figure 1 ), were modeled as (eqns 2-4; after [11] ): 
Rate constant k 1 in eqn (2) was adjusted to obtain a resting cytosolic ATP/ADP ratio equal to typical values observed by 31 P NMR spectroscopy (MRS) in resting muscle [8] . Analogously, rate constants k 2 and k 3 were adjusted to obtain a mM phosphocreatine (PCr) drop during serial stimulation at 3 Hz. The stoichiometry of k 1 : k 2 : k 3 was set at 0.1:0.45:0.45. All other parameters in equations (3) and (4) were as in [11] .
ATP buffering reactions catalyzed by AK and CK were modeled as described [12] . Thermodynamic potentials for ATP hydrolysis in the mitochondrial and cytosolic compartments were calculated as the concentration ratio of ATP and ADP (ATP/ADP m and ATP/ADP i , respectively). This particular formulation was chosen over the standard Gibbs formulation because the P i concentration was fixed.
Pulsatile Ca 2+ release from intracellular stores and subsequent recovery by Ca 2+ pumps was modeled as (eqn (5)):
eqn (5) where A = 0.0187 mM and k = 0.8 ms -1 derived from slow-twitch muscle [13] representing intermediate-fast dynamics for various excitable cell types [4, 13] .
Simulations
Computations were performed using Matlab (version 6.5.1). The total number of state variables in the model was 24; the total number of parameters in the model was 97. The set of ODEs was solved by imposing mass balance and computed using the Matlab ODE15S solver. Time step size was variable with a maximum of 1 ms.
Sensitivity analysis to identify model parameters and initial conditions that most affected oscillatory concentrations of mitochondrial calcium and cytosolic ATP/ADP was performed analogous to [14] . Specifically, for each model parameter and initial condition, sensitivity coefficients S M P = ( M/M)/( P/P) were computed for P = +0.l and -0.1 and averaged [14] . M represents the overall model output, P the parameter or initial condition under investigation and the change in each. Cytosolic and mitochondrial calcium dynamics were identical but peak concentration in the latter was two orders of magnitude lower for the particular model parameters set used (Figures 2A and 2B ). Sensitivity analysis revealed that the latter result was highly robust to 10% variations in model parameter values: S M P did not exceed 0.001 for any of the parameters and initial conditions in the model . Within this low range, highest coefficients were found for kinetic parameters of various massociated enzymes (i.e., proton pumps, F1-ATPase and the ANT) but not V max and calcium affinity of the uniporter (not shown).
Calcium-activated state
The mitochondrial membrane potential m dropped 1 mV on a slow timescale during serial calcium bursts at 3 Hz ( Figure 2C) . Superimposed, fast, Figures 5A and B) . The timeconstant of transition between stationary states was tenfold longer than in case of AK and CK knockout (60 s versus 6 s; Figures 5B and 3B, respectively) reproducing previous modeling predictions [7, 8] . Similarly, previous finding that the CK reaction transiently goes out of equilibrium at the onset of calcium activation of ATP metabolism [8] was reproduced ( Figures 5C and D) . magnitude of change in ATP/ADP i either at a slow or fast timescale at 3 Hz ( Figure   3B versus 5B). The former was in disagreement with previous findings [7, 8] should be considered to protect ATP free energy-driven functions, in particular cation homeostasis effectuated by ATP free energy driven pumps, in these cell types.
Specifically, the spatial dimension introducing diffusion into the kinetics [16] and inertia of ATP consumption arising from protein interaction dynamics (e.g., calcium activation of contractile ATPase activity mediated by troponin-tropomyosin-actinmyosin interaction in striated muscle [17] ) are likely candidates that should be tested. 
